Summary: Activation studies employing the noninvasive xenon-133 technique are widely used to investigate the cerebral circulation. Typical examples are the investiga tion of hemispheral specialization of higher cortical func tion with cognitive activation or the assessment of the hemodynamic reserve in occlusive cerebrovascular dis ease by CO2 inhalation. Traditionally, in studies using this technique, there is the requirement of a circulatory steady state during the measurement. Due to limitations in the duration of the stimulus or habituation to the stim ulus, the basic assumption is often violated. In this study we investigated with the aid of a computer model to what Functional activation is a very challenging do main for research and clinical applications. Tradi tionally, it has been a field suitable for noninvasive xenon-133 cerebral blood flow (CBF) measure ments, as demonstrated by a large number of inves tigators who pioneered and published studies, e.g. , sensorimotor function (Halsey et aI., 1980) , cogni tion (Risberg et aI., 1975; Wendt and Risberg, 1994) , perception (Leli et aI., 1982; Lagreze et aI., 1993) , memory (Wood et aI., 1980; Gur et aI., 1993) , learn ing (Maximillian et aI., 1978) , language (Demeurisse et aI., 1985; Demeurisse and Capon, 1991) , and other higher function in normal controls and in pa tients with central nervous system-related diseases (Risberg et aI., 1981; Schlegel et aI., 1989; Valmier et aI., 1989; Berman et aI., 1993) . Testing the cere-extent blood flow measurement results are affected by non-steady-state blood flow. The findings indicate that cortical activation need not extend throughout the whole measurement to be detectable. Maintenance of activation for at least 5 min is sufficient for a successful measure ment. In addition, the results show that the activation should be fully established when the measurement starts to achieve maximal sensitivity. Delay in activating the circulation will result in attenuated responses, especially if the stimulus is delayed beyond 2 min. Key Words: Ac tivation analysis-Computer modeling- brovascular reserve by CO2 inhalation is another prominent type of activation study in which this blood flow methodology is widely used in various patient populations (Maximilian et aI., 1980; N Off ving et aI. , 1982 ; Davis et aI., 1983; McNeil et aI., 1990; Pryds et aI., 1990; Young et aI., 1991) .
Computation of CBF with this methodology for any application is based on the assumption of a cir culatory steady state during the measurement. Any deviation from such a steady state will invariably lead to an under-or overestimation in the calcula tion of the flow parameters. While mediation of any of these various tasks or lowering of the cerebro vascular resistance by CO2 inhalation increases CBF globally and/or focally in cortical and subcor tical structures, this elevation may not last for the duration of the measurement for several reasons: Habituation to the stimulus (Warach, 1992) , fatigue, loss of motivation, and patient discomfort will all affect the elicited response over time. For these rea sons, the steady-state assumption is violated t9 some extent in all of these measurements.
The complexity of these phenomena in conjunc: tion with the lack of sufficient temporal resolution of current CBF methodologies makes it difficult to 1. L. JAGGI AND A. NOORDERGRAAF document the exact time course of responses to such stimuli. To assess the magnitude of some of these errors, the mathematical formulation for blood flow measurements was generalized to ac count for time-variant blood flow during the mea surement. With the aid of a computer model, non steady-state cerebral hemodynamic patterns were generated and analyzed and their effects on the re sults quantified.
It is important to know how variations of the stimulus, i.e., changes in onset and duration, affect the measurement. Such knowledge helps to opti mize the design of any study by minimizing the stimulus administration time for a given response level. This is highly desirable since it limits subject fatigue, especially in mentally taxing tasks, and dis comfort, particularly in elderly subjects, who occa sionally experience dyspnea even from low percent ages of inhaled carbon dioxide.
METHODS
Regional CBF (rCBF) measurements by the xcnon-133 clearance technique are based on the fundamental work of Kety (1951) . Based on the Fick principle, he derived an operational differential equation that describes tracer up take and clearance for a given tissue compartment, as follows:
Its solution is given by (2) with C(t) and Ca(t) being the tracer concentration in the tissue and arterial blood, respectively, J... the partition co efficient, and k the rate constant. An inherent require ment in studies using this technique is a circulatory steady state during the measurement (k = constant). Any deviation from a steady state will affect the computed values of flow.
To account for a changing or non-steady-state blood flow during the measurement, the basic Kety equation (1) was generalized to a first-order differential equation with a time-dependent value of k, as follows:
Its closed-form solution is given by Kreyszig (1972) :
The rate constant k, now a function of time, permits blood flow changes to occur during the measurement.
Typically, clearance rates are recorded for 11 to 15 min from the time when the tracer is administered via inhala tion or intravenous injection. To test how a varying flow rate during the recording period affects the results, clear ance curves were synthesized (J aggi et aI., 1993) for var ious types of non-steady-state conditions. Since realistic recordings contain contributions from at least three major compartments (Obrist et aI., 1975) , separate clearance curves were generated by numerical integration for gray matter, white matter, and extracerebral tissue and summed, as follows:
Details of the three compartments are given in Table 1 . A typical I-min inhalation end-tidal air curve from a control subject was used as an estimate of the arterial concentra tion versus time, CaU l.
For each condition investigated, several noise-free clearance curves were first synthesized according to Eq. 5, each consisting of 150 datum points equally spaced by 6 s. A set of 50 "noisy" curves was then generated from each of those curves by adding random noise to each data point j, as follows:
where rj represents Gaussian-distributed random num bers with a mean value of 0 and a standard deviation of 1. The square root term equals the standard deviation of C(t) since radioactive disintegrations (counting events) are Poisson distributed.
Two activation situations were studied. In the first study, the duration of a given blood flow elevation from the baseline value and its effect on the results were in vestigated systematically in a total of 32 sets of clearance curves. Flow values for the gray matter were increased by 25% over 15, 14, . . . , I, 0 min starting from the be ginning of the isotope administration. In a second run, flow values were increased simultaneously in the gray and white matter. To avoid unrealistic artifacts, the flow was reduced smoothly to its baseline value at the end of that interval over exactly 1 additional minute. Hence baseline levels were reached at 16, 15, ... , 2, 1 min. For the second study, sets of curves were generated to determine over what fixed 5-min time interval the tech nique is most sensitive to blood flow elevations. Again, the effect was investigated for the gray matter compart ment alone and then repeated for the gray and white mat ter compartments by placing the activation interval at 0-5, 1-6, ... ,9-14, 10-15 min, counting from the begin ning of isotope administration. This study required a total of 22 sets of clearance curves. The time course of the flow changes was designed with smooth transitions from 100 to 125% at the beginning and from 125 to 100% at the end of the activation interval, each transient lasting exactly 1 min as before, i. e., -1--0, 0-1, 1-2, ... , and 5-6, 6-7, 7-8, ... , respectively.
In both studies, two blood flow levels were investi gated. As defined in Table I , "normal blood flow" mir rors flow values of young normal subjects, while "low blood flow" reflects values of a clinical population with a 40% reduction in gray and white matter blood flow.
Subsequently, all 108 sets of data [ = (22 + 32)' 2], each consisting of 50 head curves with different noise patterns, together with the common arterial curve C,.(t) were subjected to the standard two-compartment analysis as described by Obrist et al. (1975) . Curve fitting was started at 1. 7 min, the time when the arterial concentra tion had fallen below 20% of its peak value to minimize the effect from scattered radiation arising from the air ways. The end fit point was set at 15 min. For all sets of curves, mean values and standard deviations were calcu lated for the following parameters: first-compartment flow fl ' initial slope (IS) (Obrist and Wilkinson, 1980) , initial slope index (lSI) (Risberg et aI. , 1975) , mean com partmental flow CBF 15 Wilkinson, 1980, 1990) , and relative compartment weight (WI)'
RESULTS
Curves from the first study, in which the activa tion lasted 0 min (no activation), provided baseline values for all comparisons. Mean values and stan dard deviations of those are summarized in Table 2 for the normal as well as the low flow condition. Comparison of the gray matter blood flow in Table  1 with the calculated means of II in Table 2 reveals that the overall error is < I % for either flow con dition. However, a systematic error is not unex pectedly noted for WI since simulated three- increase starts at the onset of isotope administration and its duration is given on the abscissa. The obtained results shown on the ordinate are expressed as percentages of the baseline values given in Table 1 .
compartmental data are fitted to a two-com partmental model. Figure 1 demonstrates that the obtained mean value of II approximates the true value (125%) very accurately if the gray matter flow elevation lasts for the duration of the measurement. This is true for the normal as well as the low flow condition. As noted earlier (Obrist and Wilkinson, 1985) , the IS exhibits a higher sensitivity than II, i.e., the observed change is larger than the true 25% change in gray matter flow. Since CBFI5 and lSI are measures of average flow in the two compartments, the values obtained for these indexes are less than 25%. The later part of the clearance curves does not contrib ute significantly to the quantification of the faster clearing first compartment. Hence results are not changed if the flow elevation is shorter than the duration of the measurement. However, if the gray matter flow activation is reduced to �5 min, the obtained values will be affected. At first the true II will be overestimated due to shifts in the compart ment (WI); for even shorter activation, the ratio will fall rapidly to the baseline value (100%). .
In the case when not only gray but also white matter flow is activated by 25%, the results for both flow conditions are similar, as seen in Fig. 2 . If the flow augmentation lasts for the duration of the mea surement, the mean values of all indexes with the exception of lSI approximate the true value very closely. Again, IS is the most sensitive, closely fol lowed by fl' By definition, effects of the extracere bral, third, compartment (which is not activated) are minimal on CBFl5 (Obrist and Wilkinson, 1985) , as demonstrated by the value obtained for this in dex. If the activation interval is less than the dura tion of the measurement, all blood flow indexes with the exception of ISI are affected. For durations of <5 min, shifting compartment boundaries se verely influence the values of all indices.
Effects of a stimulus of 5-min duration starting at various times after isotope administration are given in Figs. 3 and 4 . As anticipated, if only the gray matter flow is stimulated (Fig. 3) , the maximal re sponse is reached when the isotope is administered at the same time. Stimulation delays of <2 min be yond the isotope administration have little effect on normal flow and some dependence on the low flow condition. However, for delays >2 min significant attenuation occurs in both cases since most of the isotope has already cleared the compartment when activation starts.
Responses to stimulation of gray and white mat- The increase starts at the onset of isotope administra tion and its duration is given on the abscissa. The obtained results shown on the ordinate are expressed as percentages of the baseline values given in Table 1 . -... .. ..
---�. Table 1 and are shown on the ordinate.
ter blood flow are shown in Fig. 4 . The findings exhibit patterns similar to those in Fig. 3 but with more pronounced changes in WI' Again, significant attenuation occurs, in both the normal and the low flow situation, if the measurement is delayed by more than 2 min beyond the onset of the flow aug mentation. All blood flow indexes in Fig. 4 reveal a somewhat attenuated response in relation to the gray matter-only activation in Fig. 3 . Coefficients of variation (SD/mean . 100%) for the studies presented in Figs. 1 to 4 are given in Table 3 
DISCUSSION
The model employed in this study allows inves tigation of the effect of non-steady-state blood flow Table 1 and are shown on the ordinate. on the results as obtained by the noninvasive xe non-133 technique. Specifically, the effect of CBF changes of finite duration and magnitude was stud ied under conditions where blood flow was in creased in gray matter tissue and, also, in gray and white matter tissue together. A large number of conditions were analyzed to make these findings applicable to a variety of studies in which the cere bral circulation is challenged. In cases of cognitive activation, it is assumed that predominantly gray matter structures are involved. Indeed, it has been shown (Cameron et aI., 1990 ) that cognitive input produces increases in CBF of the order of 25% in the pertinent cortices, while whole-brain blood flow revealed only a small or nonsignificant change. The results in Figs. 1 and 3 are hence applicable to these types of stimuli. Testing CO2 responsiveness is an other application where blood flow changes are quantified. In this case, however, not only gray matter but also white matter perfusion rates are in creased, both with very similar reactivities (Reich and Rusinek, 1989) . In addition, it has been demon strated in experimental studies that CO2 responsive ness under conditions of hypercarbia and hypocar bia are of approximately equal magnitude (Sieber et aI., 1989) . Therefore, the results in Figs. 2 and 4 are relevant to applications of this type of blood flow activation. Figures 1 and 2 clearly show that the activation interval should last for at least 5 min for either flow condition. Shorter steady-state times will lead to unstable analyses where compartmental boundaries are shifting as evidenced by a falling WI' As a result, values for both gray and white matter compart ments increase to maintain an appropriate CBF 15' A similar phenomenon was described by Obrist and Wilkinson (1985) when they observed instability in the compartmental analysis under conditions of very low blood that resulted in overlapping distri butions for the two compartments. Nevertheless, it was demonstrated that noncompartmental indexes, such as CBF 15' still yield correct results under these conditions.
Clearly, methodological limits are reached for stimulus durations of only a few minutes. It is con ceivable, however, that brief stimuli could be de tected reliably if they were repeated frequently over the time of the measurement. Such a pattern could parallel a situation in which the subject's attention and arousal fluctuate as the result of a specific ques tion-and-answer activation scheme or some un known intrinsic factor. Thus, a hypothetical situa tion was analyzed in which the gray matter blood flow oscillates for 10 min between 100 and 125% and peaks every other minute, i.e., 1, 3, ... , 9, falling back to baseline values in between. The re sults obtained indicate that mean values for all blood flow indexes amounted to half of what a con stant 25% gray matter activation yields with virtu ally identical coefficients of variation. This was found for normal and low flow conditions. A sec ond, more realistic analysis with oscillations be tween 112.5 and 125% for 10 min improved the sen sitivity to approximately two-thirds of what is ob tained with a constant 25% gray matter activation. Thus, if the frequency of the stimulation is high in relation to the duration of the measurement, the calculated response reflects a time average of the stimulus during that time.
It is advisable to prevent delays in the stimulus initiation beyond the time of isotope administration. Since a typical I-min inhalation was simulated, it is not surprising that the onset of the activation inter val could be delayed up to 2 min without apprecia ble loss of sensitivity ( Figs. 3 and 4 ). Due to re circulation of the tracer, both compartments are constantly "reloaded" well beyond the end of in halation. However, shortly thereafter the response starts to decline, due primarily to the washout of the fast-clearing compartment. As indicated above, at the start fit point, which is set at 1.7 min, the tracer concentration still amounts to 20% of its peak value. Three minutes after isotope administration, recirculation amounts to < 1 %. Initiating stimula tion at that time does not produce a significant re sponse anymore.
In this study, we analyzed the synthesized data with Obrist's two-compartment model. This robust algorithm was chosen because of its predominant use in the field and proven clinical utility. Alterna tively, a "full-curve analysis" algorithm, as de scribed by Hazelrig et al. (1981) , could have been employed, which quantifies two additional un knowns, namely, the magnitude of the airway arti fact and the time shift between end-tidal air and clearance curves. Since the synthesized clearance curves presented here do not include either of these two artifacts, a comparison of the standard analysis with a full-curve analysis is possible with the same algorithm, simply by moving the start fit time from 1.7 min to the beginning of the curve. The results of a reanalysis of the data presented in Fig. 1 (normal CBF) with a start fit time of 0.1 min reveal, not unexpectedly, slightly higher values for short acti vation intervals. The largest absolute differences between the two analyses were found for durations of 2 min and amounted to 10% for II and 6% for CBFI5• The differences were <1% when the dura tion of activation exceeded 3 min for CBF 15 and 5 min for II' respectively. These gains are considered significant in relation to a substantially more com plex algorithm, which, in real situations under ad verse conditions (such as poor counting statistics), could exhibit convergence problems.
It has been known for some time now that func tional activation of the brain is directly related to alterations of cerebral perfusion and metabolism. Brain locations have been identified that respond to specific tasks or stimuli. Although the relationship J Cereb Blood Flow Me/ab, Vol. 15, No.2, 1995 between the actual blood flow change and its mea sured value has been analyzed and documented in this analytical study, the physiological link between stimulus and change in perfusion or metabolism re mains unclear. Of particular interest is the time course of these physiological parameters, i.e., (a) the delay of the response to the stimulus and (b) the magnitude of habituation to the stimulus.
To investigate the time delay of the response, other modalities need to be employed due to the generally poor temporal resolution of isotopic tech niques. Magnetic resonance imaging (MRI) is a suit able tool and was used to measure task-induced changes in perfusion. Belliveau et al. (1992) devel oped a high-speed MRI technique with a temporal resolution of 250 ms that is sensitive to intrinsic tissue perfusion changes. They showed that visual stimulation produced perfusion changes within 1 s of onset of the stimulus. The maximum effect was observed at approximately 10 s. After termination of the stimulation, the measured MRI signal fell within to s to levels below baseline. Since cortical activation produces not only changes in metabolism and perfusion but also changes in the electrical po tentials of the neurons involved in the processing of information, electroencephalography is another useful technique for looking at response times and habituation due to its excellent time resolution. An a-band power decrease or de synchronization has been identified as characteristic for active cortical fields (Pfurtscheller and Klimesch, 1990 ). In group data they observed that a maximal desynchroniza tion occurs approximately 1.5 s following a visual verbal judgment task and that the response resolved promptly after termination of the stimulus. Finally, the transcranial ultrasonic Doppler method also provides information on the dynamics of induced changes. Aslid (1987) has observed that approxi-mately 5 s elapsed between the onset of visual stim ulation and 90% of the full response in a group of 10 normal subjects. In summary, regardless of the methodology used, the response of the cerebral vas culature to these stimuli occurs very quickly, of the order of a few to several seconds. Therefore, the onset of the stimulation procedure should not pre cede the beginning of the measurement by much more than this time interval since, with time, habit uation will progressively attenuate the induced re sponse as discussed below.
Effects of habituation to the stimulus are difficult to document due to the lack of appropriate measur ing techniques. However, Conrad and KlingelhOfer (1989) used transcranial Doppler ultrasonography velocity measurements to demonstrate that adapta tion or habituation is dependent on the stimulus. While with simple visual stimuli, habituation oc curred within 30 to 40 s, more complex stimuli pro duced a plateau-like response during the time of observation. This was confirmed by Droste et al. (1989) , who found, with transcranial Doppler ultra sonography, that during various mental activities habituation did not occur during the 90 s of the task but, rather, in between repetitions of the task. They administered six tasks, each of 90-s duration and each followed by a resting period of 42 s. Using this scheme, the first task produced the highest, and the last task the lowest, velocity change. On the aver age, the attenuation of the response was approxi mately 12% for each successive task. Since the or der of the six different mental tasks was not ran domized, this effect is not attributable solely to habituation but possibly also to a varying degree of difficulty across the tasks. Nevertheless, these find ings provide some insight into the time course of habituation to the stimulus since the complexity of the tasks administered is approximately equal. Us ing these data, it is estimated with regression anal ysis that habituation attenuates the response by not more than 20% during the first 5 min of testing.
To optimize the sensitivity of activation CBF measurements, the duration of the stimulus has to be balanced in relation to the effects of habituation. While extended stimulation periods would result in good quantification if habituation would not atten uate the elicited response, short stimulation periods underestimate the true result but virtually eliminate the effects of habituation. Findings of this study indicate that the cortical activation need not extend throughout the whole xenon-133 blood flow mea surement period to be detectable. If the activation can be maintained for at least the first 5 min into the I5-min measuring period, it will be sufficient for an accurate quantification of blood flow. Shortening the activation interval to <5 min is not advisable since the underestimation of blood flow is larger than what is gained from a smaller habituation ef fect.
Considering these effects, a 5-min activation in terval should yield a maximal response. As dis cussed above, initiation of the stimulation proce dure should precede the blood flow measurement sufficiently to allow the cerebral circulation to re spond fully to the challenge and peak at the onset of the measurement. This lead time has to be carefully matched to the type of stimulus employed. While for some stimuli such as visual stimulation 30 s seems to be adequate, a longer lead time has to be considered when other stimuli such as CO2 re sponses are to be quantified. In the latter case, a 2to 3-min lead time would be more appropriate for the full CBF response to occur. Although vascular smooth muscle responds to CO2 rather quickly, the buildup of a stable arterial concentration is a much slower process. As shown in Figs. 3 and 4, delays in activating the circulation will result in attenuated responses, especially if the stimulus is delayed be yond 2 min after the beginning of the blood flow measurement. There probably are no situations in which it would be advantageous to delay the stim ulus beyond the onset of the flow measurement.
